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ABSTRACT 

The properties of elastic surface waves in 
piezoelectric substrates have been discussed. The inter- 
digital Transducer (IBT) for Surface Acoustic Wave (SAW) 
devices has been analysed using Mason's electrical equivalent 
circuit model. The IDT of SAW Delay Dine using quartz 
substrate has been designed. The proceedure for the 
fabrication of SAW Delay Dine and measurement technique have 
bw^en included in the thesis. Experimental results show that 
the SAW Delay Dine works satisfactorily for a bandwidth of 
7 MHz around the center frequency of 76 MHz with an insertion 
loss of 26 dB. The observed delay is 500 nS. 



CHAPTER 1 


IITTRODUGTIOR 

The field of acoustic surface waves is concerned 
primarily with the \inder standing and exploitation of the 
properties of elastic waves of very high frequency that csm 
he guided along the interface between two a^dia, at least 
one of them being a solid. The solid medium is usually 
piezoelectric, so that interactions with electromagnetic 
fields become possible, and the second medium is uaually 
air or vacuum. 

Acoustic surface waves form the basis of an exciting 
new field of Applied Physics and Engineering, extending to 
several disciplines as diverse as nondestructive evaluation 
(HDB), seismology and signal processing in electronic 
systems. This field is often referred to as the SAW (Surface 
Acoustic Wave) field. Although the early interest in 
acoustic surface waves related almost solely to seismological 
applications, and although such waves are becoming increasirgly 
important for 1®B considerations, the principal intact of 
the SAW field today and over the past few yeal^s has been on 
signal processing, with ingjortant applicatior» to radar, 
conmiuni cations , and electronic warfare. It was the 
recognition that acoustic surface waves could furnish a new 
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approach to signal processing that gave the acoustic wave 
field its enomous ingiettis during the past decade. 

The 3M field is an interdisciplinary one, and it has 
derived its great drive and strength from the combination 
of talents which contributed to its recent development. In 
addition to the solid mechanics people who furnished the 
foundations for the field and who contin^^ to contribute to 
it, the recent rapid development was made possible by the 
influx of solid state physicists and electronics engineers, 
who interwove their backgrounds and capabilities with those 
of the solid state physicists. As a result, great strides 
have been made in both the understanding of these wave types 
and in the ingenious engineering developiaents that have 
followed fiom this understanding. 

1 .1 APPLIGATIOUS : 

SAlif devices exhibiting exceptional performance have 
been used to retrofit existing systems (such as pulse 
compression filters for FM signals used in rad^ systems), 
and they are being incorporated into new systems (such as 
matched filters for phase-coded applications in spread 
spectrum conmunication systems) . These and o*a "r devices 
such as delay lines, bandpass filters, DHF oscillator control 
elements, progranHEable devices for frequency and time domain 
filtering, frequency synthesizers, correlators, etc.. 


are 
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finding application in or being considered for radar, 
spread ^ectram communicationa , air trafie control, electronic 
warfare, microwave radio relays, data handling systems, sonar 
and IP filters for TV use, jast to name the major areas. 

These devices for use in electronic systems not only ciffer 
improved releability, combined with substantial reductions 
in size ani weight , but in many cases their performance 
exceeds by far that which can be achieved by their best 
electromagnetic counterparts. Is examples we can refer 
to pulse compressors with time bandwidth products greater 
than 5000, resonant cavities in the UHP range cos^irised of 
periodic grooves with Q‘s in excess of 50000, and TJHF bandpass 
filters of the transversal type with out-of-band si; 5 )pression 
at about 70dB over the frequency range from DC to iGHz. 

In addition, there are other areas of application or 
potential application which are only embryonic. Examples of 
siach areas, which could well become inportant, are imaging 
and nondestructive evoluation (UDE). With respect to imaging, 
it has been shown that acoustic surface waves can be used to 
scan an optical image, and to scan and focus an acoustic 
image. Much nrare needs to be done before these techniques 
become practical and competitive with other imaging techniques, 
but there are in^Jlications for medical electronics and for 
the nondestructive evoluation of materials. With respect to 
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HUB f sin5)le teclmiques of testing and interpretation were 
deemed adequate for most requirements. The recent demands 
for more quantitative characterizations, which have resulted 
in the change in terminology from NDT (nondestructive testing) 
to IDS, have iri5)osed the need for more sophisticated 
approaches, which the SAW field can contribute in the form 
of better transducers, better theoretical descriptions of 
wave scattering from defects, novel imaging approaches, and 
new adaptations of sigml processing techniques. 

1 .2 AN 0¥SE¥IBW OP THE PIBIH: 

Let iis first review why s^zrface acoustic waves (SAW) 
are of such great interest for signal processing applications. 
What properties of these waves permit them to be esploited 
in such a novel (and practical) fashion? 

The first, and most iu^ortant, property is their 
’extremely low velocity’, about 10 times that of electro- 
magnetic waves. This property makes acoustic wave structures 
ideal for long delay lines, a feature which has been 
recognized for many years in connection with bulk acoustic 
waves. Because of the low velocity, acoustic waves also 
possess ’extren^ly small wavelengths’, when compared with 
electromagnetic waves of the same frequency. The reduction 
in size is again of the order of 10 , 


the precise value 
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depending on th.e materials tased. Acoustic wave devices, 
wlaen compared with electromagnetic devices, therefore offer 
'dramatic reductions in size and wei^t*. In addition, 
acoustic surface wave devices are fabricated on the surface 
of a crystal, so that they are also generally more 'rugged* 
and * reliable ' . 

Early acoustic wave devices employed bulk acoustic 
waves, as sketched in Eig. 1 .1 , which represents a typical 
simple delay line. An incoming electromagnetic wave is 
first converted into a bulk aceustic wave by a transducer, 
the acoustic wave traverses the length of the crystal and 
the signal is delayed . Then the acoustic wave is transduced 
back into an outgoing electromagnetic wave. Because the 
acouistic wave is present in the interior of the crystal, it 
is difficult to obtain access to the wave in order to modify 
it or tap into it. This difficulty is overcome by the use of 
the suirface wave structure shown in Fig. 1.2, which employs 
interdigital transducers to excite a Rayleigh surface wave 
that travels along the surface of the solid and is confined 
to its vicinity. The clearly 'accessible' nature of the 
STirface wave now permits a new order of flexibility which has 
encouraged the creation of a large variety of novel and 
effective devices. 
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The use of surface waves also permits these acoustic 
wave devices to be compatible with integrated circiiit 
technology and to allow their fabrication by lithographic 
techniques. Bevices using these waves can therefore be mass 
produced at relatively low cost with precise and reproducible 
characteris ti cs . 

The extremely slow nature of these acoustic surface 
waves permits a ixime-varying signal to be completely displayed 
in space on a crystal surface at a given instant of time. 

In addition, the lithographic fabrication capability easily 
permits a complex circuit to be present on the crystal 
surface. Thus, while the signal progresses from the input 
end to the output end, one can readily sample the wave or 
modify it in various ways. As a result, one can perfoim 
functions in a very simple fashion that would be very 
difficult or cumbersome to accaaplish using any other 
technology . 

Acoustic surface wave devices can be designed with a 
center frequency of operation which may lie from the low 
MHz values upto approximately a G-Hz, that is, in the VHF, 

UH? and lower microwave range. Since 1he siz*" ^f the circuit 
element is proportional to the wavelength the lower frequency 
limit is governed by the size of available substrates, and 
the tipper limit occurs because of fabrication difficulties. 
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Surface accnistic wave devices have several advantages 
over the buUc acoi^tic wave devices. 

1 ) Surface waves reqmre only one optically polished 
surface, where as bulk waves require two surfaces which must 
be parallel to optical tolerances. The fabrication 
techniques for surface wave transducers are the same as those 
used for integrated circuits, so that a surface wave delay 
line could for example, be fabricated on a sibstrate together 
with a transducer amplifier. 

2) The amplification of surface waves by means of their 

f 

travelling wave interaction with drifting carriers in semi- 
conductors has several advantages over the corre^ondii^ 
amplification of bulk waves. 

3) The surface ws^ve is accessible along the entire surface, 
so that it is possible to make contiguously tapped delay lines 
for such signal processing functions as pulse e35)ansion and 
compression, 

4) Magnetic surface waves on ferri-magnetic substrates 
have been found to be nonreciprocal aixL this makes them of 
potential use for such devices as isolators, circulators and 
phaseshif ters , 

5) SAW waveguides and directional couplers have been 
fabricated for use at megahertz frequencies. The width of 
acoustic waveguide components at microwave frequencies would 
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be of the order of micrometers. Thus there exists the 
possibility of entire microwave- acoustic-integrated circuits, 
which could be as much as five orders of magnitude scalier 
than their electromagnetic equivalents. 

Despite these impressive accomplishments, many feel 
that the systematic esploitation of acoustic surface waves 
is still in its infancy. Por one thing, the devices developed 
so far are not customarily integrated with one another, or 
with electronic integrated circuit conponents, on the same 
substrate surface. A more widespread utilization of these 
devices would also occur if the costs of the materials and 
fabrication technology would be significantly reduced. The 
range of applications for surface acoustic wave devices has 
so far been limited largely to high technology needs, where 
price is secondary to performance, the IF filters for T¥ use 
is a notable exception. If mundane conmercial applications 
like the latter become more widespread, costs for substrates 
should go down, and the popularity of such devices should 
increase. 



CHAPTER 2 


PROPERTIES OF ELASTIC SURFACE WAVES 
2.1 IHTRODUGTION : 

In an unbounded isotropic solid elastic waves can 

propagate with material displacement polarized in tbe 

direction of propagation or transverse to it, each mode 

having a characteristic velocity dependent on the elastic 

3 4 

properties of the material but typically between 10' and 10 
m/Sec. When boundaries or interfaces are introduced along 
the direction of propagation, modes other than these siinple 
bulk waves become possible. Of central interest here is the 
so called Rayleigh wave, which can propagate along the free 
surface of a solid. The amplitude of the displacement of 
the material due to the passage of this wave is largest 
right at the free surface axid decays . .-ponentially with 
depth into the solid, so that the mechanical energy 
transported by the wave is concentrated in a region of the 
order of a wavelength in depth below the surface. The 
dispersionless velocity of propagation of this type of wave 
is somewhat less than the velocity of a transversely 
polarized bulk elastic wave. If the solid substrate is a 
piezoelectric, the deformations produced by the elastic waves 
induce locai electric fields. These fields propagate along 
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with, the mechanical wave and. extend into the ^ace above 
the surface of the solid. The electric field will interact 
with any metal electrodes placed on the surface, and such 
electrodes pan b© coraxeeted te ©xternal circxiits. 


2.2 ELASTIC WAlffiS : 


In the absence of any disturbance each poini; or small 
region of a solid remains at its equilibriina position, which 
is defined by a set of Cartesian Coordinates An 

elastic wave propagating in the solid displaces each point 
from this equilibrium position. The displacement vector 
that gives tte departure from the unperturbed portion has 
three components, u.j , U 2 , and u^, parallel to the respective 
Cartesian axes, and each of these components is a function 
of time and of the spatial coordirates , X 2 and of the 
point considered. Eor the conditions of interest here the 
displacements can be considered infinitesimal , so the change 
of size or shape of any elenentary volume is small, and 
moreover, any rotation of this volume element is neglected. 
Thus a very useful measure of the deformation of the volume 
element is given by the symmetric strain tensor. 



, 

„ _v“: ,ka.« iSmr " I 

X . 3 ^-5 


( 2 . 1 ) 


The lower case subscripts i, 3 ,k, seperately take on the 
values 1,2, and 3 corresponding to the three axes x^ ,x_ ani x™. 

12 3 
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If we have a plane wave with, displacement in the 
direction only, propagating in this x^ direction with a 
phase velocity v and angiilar frequency or wave vector 
k = — , the displacement is represented by 


u = a 
1 



and the only conponent of strai.n in this"coinpressional” or 
"longitudinal” wave is S.^ .j = i k u^ , in phase quadrature 
with the displacement. On the other hand, if the only 
displacement component in the uniform plane wave propagating 
along x^ were in a transverse direction, say X2» the 
displacement vector would be 


u, = 0 , U2 = ? u, = 0 

and now we have a "transverse” or "shear" wave and the strain 
tensor has two off-diagonal or shear components. 

2 ” ^21 ” ^ f ^ U2 C 2 . 2 } 


Thus a small region that was square in cross-section in the 
, X2)plane with sides parallel to the and X2 axes under 
equilibrium conditions is deformed periodically into a 
rhombus elongated alternately along one diagonal, then the 
other. For moi« general types of plane or inhomogeneous 
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waves all the siz independent conponents of the symmetric 
strain tensor can be present. 

The forces acting on an infinitesimal cube in the 

solid considered as a free body, as shown in Fig. 2.1, can 

be divided into body forces acting directly on the material 

in the cube and traction forces transmitted across the 

bounding surfaces. The latter are expressed as the components 

T. . of a stress tensor. The component T. . is the ith 
3-3 jL 3 

component of ihe force per unit area acting on the positive 
side of the 3 th face of the infinitesimal cube located at 
(z^ , X 2 * 2 ^) » as illustrated in Fig. 2.1. In ultrasonic 
applications there are no body torques ezerted on the 
infinitesimal cubes and thus the second-rank stress tensor 
is synmetric. 



For the infinitesimal volume of Fig. 2.1 the stresses 
can be ezpanded in Taylor series in ^z^ , S^2* ^^3 about 

their values at the central point (z^ , Z 2 » ^ 3 )* so that the 
net force due to these sti*esses on the boundaries acting in, 
say, the Z 2 direction is 


^21 ^ ^22 

3^1 3^2 


31,, 

TjtULir 

S^3 
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Thus, if there/ no body forces acting on the material 
within the cube which has unit volume is the mss 

' O 

density of the solid, force in direction =f — 

Each region of the solid is considered as a continuum. 




^2 
^ t 


^ ^21 , ^22 ^ ^25 

. ■ . inn :\w~ v r .rwr: 

' BX 2 


■^3:2 


3 

S f "2.i 

jz=1 ^3 


^2 
^ ^i 

In general, ':r- ‘2 
o t 


3 

s 

3=1 




Summations over the coordinate axes as found in the 
above equation occur so frequently in acoustic wave 
propagation that it is convenient to adopt the summation 
convention wherein a repeated subscript in a given term iii5)lies 
summation of that term over the three values of the repeated 
subscript. Eor example, the ith equation of motion becomes 
in such a notation 


"a -a T 

' --r - , = ---n n__W 

"St ^3 


(2.3) 


Note that here the term on the right hand side is sumroed on 
the duimy subscript 3 but not on the free subscript i. 
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2,3 EiASTIG GOSSTliraS : 

As noted previously, the stresses and strains associated 
with elastic waves in solids are small, well below the 
elastic limits, and for ncnpiezoelectric solids the stress 
field can be taken as proportional to the strain field. In 
tensor notation with the preceding summation convention 

^ij ^ ‘^ijkl ^kl 


where is one component of the fourth-rank "elastic . 

constant" or "stiffness" tensor, Hot all of these elastic 
constants are independent for a given solid. Because both 
the stress and strain tensors have been taken as symmetric, 

“ijkl = “jlkl ““1 = “ijlk- Koreover because energy 

considerations require that = ^klij' is a maximum 

of 21 independent elastic constants for the most general 
crystalline symmetry. 


It is convenient in many instances to use a contracted 
notation for the pairs of subscripts that occur in the stress, 
strain, and elastic constant tensors. When a contracted 
notation is usdd the strain components forms a column matrix 
of six elements in which 


Sl=Sii 3.2=322 



S. = 2S,,= 2S„ S- = 2 S,, = 2S,, 

4 23 32 5 13 31 


S6 = 2S,2= 2S2, 



18 


and the stress components are 
T. = T 


11 

m _ m 

±2 - •‘-22 

T z= T 

3 33 

=T 

23 32 

T = T = T 

5 13 31 

T - T 

ig - -^,2 




The contraction allows the stiffness tensor to he written 
as a 6 X 6 symmetric matrix when the subscript pairs are 
rewritten as follows: 1 for 11 , 2 for 22 , 3 for 35* 4 for 23 
or 32, 5 for l3 or 31, and 6 for 1 2 or 21, For exanple, 

0^123 becomes which is always equal to , and 0 ^ 23 -) 

becomes c^^ = c^g . 

Although in general there are 21 independent elements 
in the elastic constant matrix, ciystalline symmetry of the 
solid with respect to the chosen coordinate axes appreciably 
reduces this number. For example, if the ames x^ , X 2 , 
are chosen parallel to the crystalline axes, X, Y, Z t>f a 
cubic crystal, there are three independent constants, as 
indicated by the first entry of Table 2.1 . In Table 2.1 
elastic constant matrices for cubic. Hexagonal and Trigonal 
crystals are given. Vali;es of elastic constants for several 
solids inportant in ultrasonics are given in table 2 . 2 . For 
an isotropic material c^^ = (c^^ - <^ 22 }^ thus there 

are only two independent elastic constants. The piezoelectric 
ceramics, such as lead zirconium titanate (PZT) , which are 
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useful in low frequency ultrasonic applications, are poly- 
crystalline and hence elastically isotropic. Some trigonal 
materials that are important as propagation or excitation 
media for surface waves are quartz, lithim niohate 
(Li Nb 0^) and sapphire, crystal classes 32, 3ni and 3 
respectively. 


2.4 BQUM!I0HS OF MOTION : 


In certain crystals mechanical strain produces a 
proportional electric polarization and, conversely, an 
applied electric field produces a proportional mechanical 
strain. This is known as PIEZOELECTRIC effect. A necessary 
condition for this effect is that the crystal not belong to 
a class that has inversion symmetry. 


For solids in which the piezoelectric effect is of 
significant magnitude, the mechanical and dielectric 
properties are intercoupled. The separate constitutive 
relations of the elastic behavior. 


^i j ^i 3kl ^kl 


and of the electromagnetic behavior. 


D. = -fe. . E. 
1 13 3 


where D and E are the elastic displacement and electric field, 
respectively, become the coupled set 
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E 

^±3 “ ^ijkl ^kl ®kij 


D. = . E . + e. S 

1 ID 3 13 k 3^ 


(2.4) 


Here the superscript on the elastic constants 
indicates they are neasured at constant electric field, and 
the superscript on the components of permittivity 'tensor 
indicates these components are measured under cons'tant strain 
conditions. The coupling is provided by the third-rank 
piezoelectric constant tensor, which relates the vector 
electric quantity to the second-rank tensor mechanical 
quantity. Note that the first subscript on each coefficient 
e refers to the electric coE^onent. Again the "mechanical” 
pair of subscripts can be ccn tracts and the piezoelectric 
tensor rewritten as a matrix of three rows and six columns. 
Crystalline symmetry considerations reduce the number of 
independent constants in such matrices, and Table 2.3 
indicates the possible nonzero independent elements for 
several crystal classes of importance in ultrasonics. The 
chosen geometrical axes x^ , ^ 2 $ 2 :^ are parallel to crystal 
axes J-t Y, Z. Typical examples of materials corresponding 
to these crystal classes are BIO for 23? CaAs for 43 m» CdS 
or poled PZT when the x^ axis is taken as the poling axis for 
6 mm; quarfcz for 32. ^d LiNbO^ for 3 m.’ The dielectric tensor 
for each of the preceeding crystals is diagon^ with *22“^11» 
but for the last three €^5 is not necessarily equal to 


Nonzero Elements of Pleozelectric Constant Matrices in 
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Thus in the general problem of elastic waves 
propagating in a piezoelectric medium, there are two systems 
of equations, the mechanical equations of motion (2.3) and 
the Maxwell’s equations for tiae electrical behavior. These 
are relatively weakly intercoupled by the constitutive 
relations (2,4). The solutions of interest are predominantly 
mechanical and propagate with velocities many orders of ’ 
magnitude less than the velocities of tl^ solutions that 
are predominantly electromagnetic. As a result the pre- 
dominantly electromagnetic solutions can be ignored here, 
and in the predominantly mechanical solutions the electric 
field can be assumed to be the gradient of a scalar but time 
varying potential, that is 

= - I!, ‘2*5) 

combining the definition of strain (2.1), the mechanical 
equation of motion (2.3), the constitutive relation (2.4), 
n .D = 0 from Maxwell's equations, and the quasistatic 
approximation (2.5) gives the appropriate system of four 
coupled wave eqxiations for the electric potential and the 
three components of elastic displacement in a chargef ree 
piezoelectric crystal. 
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2.5 ENERGY FLO¥ : 

Important characteristics of the propagation of 
elastic waves are the energy carried by the wave, the 
direction of the flow of this energy, aM its distribution 
over the cross-section of the wave. Such energy considerations 
are expressed in terms of a mechanical Poynting vector. For 
piezoelectric solids there is in general an electric field 
that accompanies a propagating elastic wave, and part of the 
transported energy is in electric form. If the time variation 
is , the time average of the power flow per unit area 

across a surface normal to is given by 

{ = - I Re { i ^ ^ (2.7) 

2.6 BOIMDARY CONDITIONS : 

The prototype geometry for acoustic surface wave 
propagation is shown in Fig. 2.2, wi»re the surface x^ = 0 
forms the interface between the infinitely deep solid 
substrate and the free space above. Within the solid the 


e =0 

Ik 
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mechanical displacements and the electric potential at each 

point must satisfy the equations of motion (2.2) in which 

the elastic constants, the piezoelectric coefficients, and 

the permittivity corcponents are all expressed in the axes of 

2,2. In this prototype problem the solutions of the equations 

of motion should be "surface waves”. Here the mechanical 

displacements, which exist only in the solid, must vanish 

at large depths, and the electric potential, if it exists, 

must vanish fo r x,—^ + • 

5 ■ 

With the mechanically free surface of Pig. 2.2 there 
is no component of force in the x^ direction at x^= 0, and 
thus the mechanical boundary conditions are 

^31 ~ ^32 ~ ^33 ~ ^ ^3~ ^ 

T 

Various types of electrical boundary conditions can 
exist at = 0 when solid is piezoelectric, but for device 
applications only two forms of boundary conditions are of 
prime importance. In one form the surface is assumed covered 
by a thin conducting layer that does not affect the mechanical 
boundary conditions, but does force the surface to be 
equipotential and thus propagating potential to be zero at 

x^ = 0 . 

3 

In the other form the surface is assumed to be 
electrically free, and thus ihe spacisilly varying part of 
the potential above the surface satisfies Laplace's equations. 
Both the potential and are then continuous at x- = 0, 
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2.7 GElfflRATION OF SURFAC3B ACOUSTIC ¥A¥ES AT MICHDWAYB 
I'SBQUEWGIES : 

The microwave input produces an electric field 
between the half- wavelength -spaced lines of the inter- 
digital type transducer on the piezoelectric substrate. The 
piezoelectric effect produces a stress, which propagates 
along the surface in both directions, the two acoustic powers 
being equal by symiMtry. The siirface wave propagating 
towards the output transducer is detected by means of 
piezoelectric effect. The wave propagating in the opposite 
direction can be terminated by an acoustic absorber such as 
wax or tape. 

Surface waves are more difficult to generate at 
microwave frequencies than at lower frequencies, because 
transducers having micrometer periodicities are required. 

The acoustic propagation losses are also higher. Reasonable 
losses are possible only on optically polished single crystal 
substrates. These are in general anisotropic, which 
complicates the calculation of surface wave velocity and 
limits the number of pure-mode axes or orientations in which 
the wave vector is collinear with the power flow. In spite 
of these difficulties, the use of microwave frequencies is 
the only w^y to obtain 0.5-1 GHz bandwidths necessary, for 




ALTERNATE- PHASE OR iNTERDiGlTAL 



SINGLE PHASE 


Fig. ? .3 Comparison of the single-phase and alternate-phase or inter- 
ciigital electrodes used on piezoelectric substrates for the generation 
and detection of microwave-frequency surface waves. 
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exangjle, to improve the range resolution of radar systems. 

In addition, the ope rati oi of delay lines and signal 
processing devices at microwave frequencies eliminates the 
necessity for frequency - down conversion and subsequent up, 
conversion, with its insert! on -loss increased coEi>lezity 
and loss of phase information. 


Ihe general form for a displacement u^, propagating 

in X direction of a surface normal to the direction is 
i 

given by [ ] 


u 


i 


E 0 ^^^ J.- gim (t- ) 

3=1 


where 



= an5)litude 


( 2 . 8 ) 


V = Surface acoustic wave velocity, 
s 

Ihe roots a^ are found by making ( 2 . 8 ) satisfy both the 
equation of motion and stress free boundary coMitions. 

I'or the propagation of surface waves on an infinite 
homogeneous isotropic elastic solid, the roots a^ are pure 

real, so that exponential decay into the surface is of the 

. ^1- Tv 2 Wv_ 

03rd 01* of fhe sux*f 3 .ce wsve wnveleng’tii ^ ' 

0.87 + 1..l2i_ (2.9) 

1 + -^ 


s t 


where v = Bulk shear-wave velocity 
% 
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As Poisson ratio varies from 0 to 0,5f surface 
wave phase velocity varies from 0.87 v. 0.96 v. 

(ie) 

Since (2.9) is independent of frequency, the surface-wave 
velocity is nondisperiive. Ihe particle motion at the surface 
is retrograde (or counterclockwise) and elliptical, having a 
component perpendicular to the surface and another component 
parallel to the wave vector. 

Ihe propagation of surface waves on the anisotropic 
single crystals needed at microwave freq.uencies is in general 
much more complicated. Ihe velocity although nondispe r sive 
can not he expressed in the closed form of (2.9) > hut must 
he calculated for each crystal by using an iterative 
computer method. 

The surface wave velocity may for some orientations 
he larger than the hulk velocity, an occurance which gives 
rise to leaky waves being radiated into the solid. The 
roots may occxir in complex conjugate pairs, so that the 
amplitude decay into the solid is an exponential times a 
trigonometric function. This mode is called a generalized 
Rayleigh wave. The Particle motion may have three components 
so that the three-dimensional elliptical motion is not in 
the saggital plane and the pore r flow parallel to tbe 
wave vector only along selected pure laode axes. 

Microwave frequency surface waves have been generated 
by applyirg a time varying electrie field to the alternate 
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phase or inter^igital grating and to 

single phase grating. In discussing the relative efficiencies 
of these two gratings, we shall express tte efficiency as 
the product of three factors 

= h G Q (2.10) 

where p is a neasure of the material effectiveness and is a 
function of the piezoelectric and other material constants; 

G measures the effectiveness of electrode configuration, and 
Q is the quality factor of the electrical termination. 

Bor quartz, G for the interdigital electrode 
configuration is considerably greater than that for single 
phase grating. This has been experimentally confirmed by de 
klerk, who has compared the efficiencies of 36-line single 
phase aid alternate phase gratings at 30 MHz on a 1 mm thick 
slab of Quartz and found the alternate phase grating to be 
20 to 30 dB more efficient. 

The more closely the electric field of the electrodes 
matches that of the surface wave the more efficient the 
generation process. An alteraate way of expressing this is 
that the electrode efficienci" G is proportional to a filling 
factor. This filling factor is defined as the ratio of the 
field integrated over the volume of the surface wave to that 
integrated over the total volume. Therefore the interdigital 
transducer is more efficient than the single phase grating. 
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In spite of the lower efficiency, tbe single phase 
grating has some merits. 

1 • Ihe entire grating is still effective when there are 
shorts between the lines which is not the case with the 
alternate phase grating. 

2. Since the spacing between Hie lines of the single 
phase grating is twice that of alternate phase, it will 
operate at a correspondingly higher frequency in the 
fundamental mode for a given maximum line spacing. 

Ihe single phase grating can be made more efficient 
by adding more lines. Irtz et al. [ 2 ] have generated surface 
waves on quartz with 400 -line gratings, but the bandwidth 
was only +0.3 MHz. Ihe magnitude of the displacement at 
the fundamental and at odd harmonics is directly proportional 
to the number of fingers (lines) N. Iseng [3 ] observed that 
the fractional bandwidth at the fundamental (f^^) decreases 
as N increases, and that efficiency - bandwidth product is 
approximately constant. This result is valid at the low- 
efficiency limit. As the conversion efficiency approaches 
unity, adding more fingers will only decrease the bandwidth. 

The ideal method of generating surface waves in the 
upper microwave frequency range is to fabricate transducers 
with periodicities small enough to operate in the fundamental 
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mode. Th.e minimm linewidth. which can be achieved by optical 
photoresist methods is about 0.9 um, which corresponds to a 
fundamental frequency of about 1 GHz on lithium niobate. The 
undercutting problem resulting from chemical etching can be 
eliminated by vacuum sputter etching. 

One method of overcoming the bandwidth limitation is 
to excite inter digital transducer pairs through an electro- 
magnetic delay line whose phase velociiy is the same as the 
surface wave velocity. Shibayama et al l 4] have achieved a 
1 .5 MHz bandwidth at a 1.5 MHz center frequency by exciting 
the electrodes through an electromagnetic delay line which 
consisted of lun^ied constant inductors and capacitors. 
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THE INTERDIGIT All TRANSDUCER 
3.1 INTRODUCTION 

Interdigital Transducers (IDT) are the building 

blocks of SA¥ devices. In its simple form, it consists a 

series of parallel metal electrodes periodically spaced on 

the surface of a piezoelectric substrate as illustrated in 

Eig. 3.1. The transducer is a two terminal device with 

alternate electrodes interconnected. When a voltage is applied 

to these terminals electric fields are set up within the 

substrate, and these excite the alternating stress patterns 

via the piezoelectric effect. The electric field is reversed 

at each electrode, and therefore at frequencies for which the 

periodic length ^ of the array is an odd number of wavelengths, 

elastic surface waves are launched in both directions normal 

to the electrodes. If v is the surface wave velocity for 

s 

the piezoelectric material concerned, the frequencies of 

elastic resonance are (2n-1)Vg/^, where n is an integer. Eor 

simple analysis the interdigital structure may be regarded as 

an end-fire array £53, so that the frequency response of an 

N-period transducer is of the form 3 for 

- ^o) 

frequencies close to the resonaice f^. However, this response 
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Figure 3.1 Edge view of interdigital transducer electrodes on a piezoelectric solid 
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can "be modified considerably by varying the geometry of the 
array. Detection is achieved by means of a second transducer, 
•where the piezoelectric effect causes the elastic stress to 
be converted back to an electrical voltage- 

In addition t.o launching surface waves the interdigital 
array acts as a source of bulk waves that propagate into the 
substrate. These bulk waves reduces the efficiency of IDT. 
Once again simple array theory shows that a bulk wave of 

.4 

veloci'ty v^ propagates at an^es 9 (= sin” [ (2n“1) ] 

for lAich conditions of ccnstructive interference exist. 

This implies that efficient generation of bulk waves might 
only occur above a "cut off" freqrency equal to This 

implies that bulk waves will not be generated below cut off 
frequency. But, in fact, for transducers with finite number 
of electrodes there is a continuous distribution of radiation 
with angle at all frequencies. As a result there is some 
conversion of electrical energf to bulk wa^/es at the surface 
wave fundamental, even though this frequency is usually below 
the cut off frequency of the slowest bulk wave. Bulk waves 
cause prablems in SAW devices in three distinct ways. 

1, Bulk wave wave generation at input transducer creates 

loss by reducing the energy available for airface wave 
generation. 
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2. There is coupling bet-ween surface and bulk modes 
tiat modifies the surface -wave radiation. 

3* Bulk -waves travelling close to the surface cany some 
energy to the output transducer and interfere with its response 
to the surface wave. 

Bulk wave generation is a serious problem for large 
bandwidth transducers. Other spurious signals can also be 
caused by reflections of bulk waves from the lower face, and 
both surface and bulk waves from the ends of the substrate. 
However these can often be eliminated by using absorbers or 
scatterers. 

There are two distinct ways of analysing interdigital 
transducers. The first one is ’field* analysis, which is 
essential to an undeistanding of the physicaJ. processes 
involved. The second one is the analysis by ’equivalent 
circuits’. . The second one is easier to handle and capable of 
dealing with very much large arrays. 

3.2 ANALYSIS OP IDT BY USE OP AN B3UIVALENT CIRCUIT MODEL 

Equivalent electrical circuits of the type originally 
developed to describe piezoelectric bulk wave transducers are 
currently being used in the analysis and synthesis of electric 
devices incorporating interdigital surface wave transducers. 
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We consider an interdigital transducer composed of 
N periodic sections of the fcrm sho’wn in Figs. 5.2 and 3.3(a). 

In principle, one could solve the hotindaiy value equations for 
this configuration to find an admittance matrix relating the 
terminal quantities at the one electric and two acoustic ports. 
The resulting equations are difficult to solve because the 
problem is two-dimensional and contains a piezoelectric 
anisotropic substrate. As a first order approximation, we 
represent the interdigital periodic section by one of the 
analogous one - dimensional configuratinns shown in Fig. 3.3(b) 
and (c). Essentially, a pair of bulk wave transducers are 
arranged acoustically in cascade and electrically in parallel, 
such that the necessary electric field reversal is present. 

For the configuration of Fig. 5.3(b), which we shall 
call the ”crossed-field" model, the applied electric field 
is normal to the acoustic propagation vector- The second 
configuration, shown in Fig. 3.3(c), termed the “in-line” 
model, is characterized by parallel electric field and acoustic 
propagation vectors. The analogr between either model and 
true field dJLstribution is appropriate in that the terminal 
electric and acoustic quantities have the same sign and 
physical symmetry. For a given piezoelectric with given cut 
and orientation, the choice between ”crossed-f ield” and "in-line" 
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Fig. 3. 3 Side view of the interdigital transducer, showing field pat- 
terns. (a) Actual field pattern, (b) “Crossed-field” approximation, 
(c) “In-line field” approximation. 
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models is made by efvaluating the contribution to Rayleigh 
v/ave excitation due to and the electric field 

components respectively perpendicular and parallel to the 
surface. In pairticular, -we consider the coupling energy 
stored mutually by electric and acoustic fields which in 
vector notaticn is given by 




d.E + E . d:T)dV 


(3.1) 


where d is the piezoelectric stress constant and T is the 

elastic stress. The mutual stored eners?" can be written as 

the sum, island are the energy 

components related to Bj^and respectively. The ratio 

r = is then a relative measure of Rayleigh wave coupling 
*11 

due to the two field directions. For r>1 we choose the 
”crossed-f ield” model, where as the ”in--line” model is selected 
w'hen r< 1 . 

The important advantage of the one-dimensional model 
is that each periodic section can be represented by Mason i12j 

equivalent circuit shomi in Fig* 3.4. Follov;ing Berlincourt 
et al ^9 - 5 electric unit equivd.ents for the aeoistic terminal 

Force Fj^ and particle velocity are defined as 

( 3 . 2 ) 
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A 

where p = _ S is regarded as the turns ratio of an acoustic- 

2 

to-electric circuit transformer. Shese definitions allow 
the substrate characteristic mechanical impedance to be 
expressed in electrical ohms by 



2 % 


G k 
o s 


(5.3) 


%vhere k is electromechanical coupling constant, G is the 

s 

static electrode capacitance of one periodic section, and 
27Sf^ is the synchronous frequency defined by f^= ^ . Thus, 
three constants must be specified to describe the operation of 
one periodic section of the circuit model. She periodic 
length Ii is computed from the known surface velocity aid 
synchronous frequency and the capacitance found from well 
knov?n theories £1 j or experimentally measured. 

The 3-port admittance matrix of the transducer caii be 
obtained by first finding the matrix of one interdigital period 
and then applying a cascading formalism. The admittance matrix 
for one section is easily found by standard circuit analysis, 
■¥ith reference to Pig. 3.4. 

" ^11 V1 ^12 ®n ^13 ®3n 
- i^ = yg^ + 722 % ^23 ®3n 

>5n = ^31 V1 ^32 ^33 ®3n 
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L • PERIODIC LENGTH 
A » CROSS SECTION AREA 
V * SOUND VELOCITY 
p « DENSITY 
Zo*A^v 

h * PIEZO CONSTANT 

f v/L s SYNCHRONISM FREQl^NCY 

0 a 2r -PERIODK: SECTION TRANSIT ANGLE 

Ro* ELECTRICAL EQUIVALENT OF Zq 

C,* ELECTRODE CAPACITANCE PER SECTION 

k » ELECTROMECHANICAL COUPLING CONSTANT 

Fig, 3^ 4 Mason equivalent circuit for one periocji: secticai. llie neptive 
^acitors are short-circuited for tl^ “crossed-ficld** modd. 
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The admittance matrix can he written as 


I ^11 

I 

i- y 3 ~ I ^21 

I 

I 

{ ^31 


722 

732 



I 

' ?>' 



(3.4) 


The network shown in Eig. 3.3 is a passive reciprocal network. 
This given 


^12 = ^21 ’ ^23 = ^32 ’ ^31 ” ^13 


Again acoustic port -1 and acoustic port-2 are symmetrical. 
This gives 

yii = ^22 

Here the transducers are arranged acoustically in cascade and 
electrically in parallel such that the necessary electric 
field reversal is present. This gives 7-]5 = “ 723* 

Hence the admittance matrix (3.4) can be written as 

p11 ^12 ^13] 

i J 

[ 7 ] = |7i2 ^11 -^13! (3.5) 

U13 "^13 ^33? 

■f— — 

The values of the four independent elements in 
admittance matrix (3.5) differ for ”in-field" and "tossed 
field” distributions. 
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3-2.1 ’’in-line” model 

For "in-line model the negative capacitance is 
inclnded as sho-wn in Fig. 3.3. By applying standard network 
analysis we can find the y parameters. 


V - 

y^ ^ - 

Vi 


3% cot 


^12 = 


n-1 


n 


i e =e, = 0 
i a- 3n 


/ 9^2 1 
Q I (x-cosec ^ ) I 

- (x- cot - ) 2- 

^ \ (x-cot if j 

I J 


! Vi 


= c 


3n 


=* 0 
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X 9 / Q \ 2 

cot (x-cosec -2 ) 

2(2x-cot J ) (x-cot ) 


^13 


n-1 

"3n 


■'n-1 


e =0 
n 




9 


1-2x tanf 


733 

pc 


®3a 


IV1 


= ®n = 0 


s 


6 

1-2x tm J 
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1 

where S = E " , 3C = ■ , and 8 = 2%- 

° ° “0, 

s o 

The 3-port matrix for the entire transducer is found 
by connecting the F-periodic sections in cascade acoustically 
and in parallel electrically, as shown in Pig^ 3# 5* Since 
the sections aie identical we ha¥e the recursion relation# 


r 

! i. 


n-1 


-1 


n 






= Ey] 


■'n-1 


n 


i 1 
i 


3n 


I e 


3n 


(3-6) 


The total transducer current is the sum of currents 
flowing into N sections. 


^3“ ^o ^31 ^32 ^33 ■^^3(H-1)'^ ^3N 


The N periodic sections are arranged acoustically in cascade 
and electrically in parallel. With the help of network 
synmietry and reciprocity, we can write total current as 

V ^13 V ^23 V755 ^31'' ^35 ®32+ ^33 ^33 

+ ^33 ®5(N-1)'^ ^53 ®3N 

= y|3 + 723 ^33 ^ ®31'^ ®52'^ ®33 ^ 

N 

= ^15 ®o +T 23 ^33 ^ ®3N 

n=1 
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The boundary conditions are given by 
^ ^2* ®3H ~ 

Application of the boundary conditions and network symmetry 
show that 

^13 == ^31 = ^13 

^23 ^ ^32 = ^23 “ ^13 

Y55 y33 + y33 + N times 

= N 753 


Prom ( 5 . 6 ) we find a second recursion relation using 
’ Crammer* s rule 



and dj and 6^2 are also functions of y^^ 
[ r] is known as recursion matrix. 


( 3 . 7 ) 


( 3 . 8 ) 
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Applying (5.S) H times gives 

1 




f ® 

O 


Ur] 


N 


* 3..T i 

L 


N-1 

E 


CrF ' 


fail 




(3.9) 


i ! 


n= 


1 


L^2j 


Solving (3.9) for ij^ and i^ and a^in applying boiandary 


conditions gives 


^11 

= ’'sz 

^12 



'11 


>12 


(3.10) 


■where [ s3 = C r3^ 


12 


Hence the admittance parameters for the entire transducer 
can be written as 



^12 

’^u j 

^11 

-^13 i 

I 

f 

■^15 

’^33 I 

hz 

^13 I 

> 

I 

hz 

■'.I 

f 

t 

“^15 

Ny ■a'Z I 

-S 


(3.1 1 ) 
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■where [ S ] = [r]®^ 

3* 2. 2 ”crossed-f ield” model 

for "crossed-circuit” model the negative capacitance 
in fig. 5.3 is shorted. Here also we can find y parameters 
following the same proceednre as that of section 3.2.1, Thus 


^11 

zs 


cot 0 



712 

= 

3^0 

cosec 6 


(5.12) 

713 

=r - 

^^0 

Q 

tan J 



753 

= D 

[4 G 

< 

^ tan 1 + 



can get the 

recursion relation 


1 i ^ 

1 n -1 

i 

1 


f e 

1 

1 

J 


!-u 

? 

? , 

= [7] 

1 

\ ^ 

\ XI 

} 

1 

(3.15) 

1 

1 


1 

\ 


f ■ ix 

L 

I 

J 


!®3n 

1 

! 

i 



The total current is the sum of currents flowing into the 
N sections. 


N 


Hence 


h " ^13 ®o ^23 ^33 


'3n 


Here also the boundary conditions are 

®o " ^ ®iir " ®2 » ®5n “ ^3 

Network symmetry shows that 

= hr ' ^13 

^23 “ ^32 “ ^23 “ ' ^13 

Y 33 = N 7,3 


CENTRAL L B.URY 

f '".np'jr. ■ 


(3.H) 
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Prom (3-13) we can get a second recursion relation 


"n| 


! =[r] 


IL. J 


where [r] = — 
^12 


i n-“1 I 


!- i 

|Vi I 


n 


11 


r^il 


? E. 


1^2 i 


12 2 
I ^11 " ^12 “^11 


(3.15) 


and , dg are functions of y. . 
Applying (3.15) N times gives 


N I 


i 

I . 

^ 1 


i = fe]''i i 


N I 


S 
J 

li \ 
oj 


R-1 

2 [r]^ 

n=1 


i 


1^2 ^ 


E. 


(3.16) 


On substituting (5.12) in recursion matrix R gives 


I cos Q 


-iR sin 9 » 

o ? 


[ R]= I 


'i “dG^sin 0 

< o 


cos 9 


(3.17) 


Thus we have seen that R is a familiar circuit matrix for a 


transmission line of impedence R^. 

diN 


There the matrix fs} = [l§ ^ is obtained by simply replacing 


9 in R by W j9 
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I cos N9 


[ s]= [ sf 


sin N© I 


(3.18) 


j-oG^sin H© cos NO J 


Therefore, from (3.12) and (3.14), we can obtain the Y 
parameters for the entire transducer as 


[r] = 


I I. 


11 


1^12 


j''l3 


^12 

^ 13 ! 


I 

^11 

-^13 i 

I 

‘^13 

Y ^ 

”j 


(3.19) 


where 

^11 = - 3 ^^ cot N© 

^12 ~ ^^o 

^13 = “ tan I 

Y33 = + 43 tan | 


(3.20) 


At synchronism, (a) = 

Therefore the matrix elements become infinite at synchronism, 
since 9 = 27t^ = 2lTin (3.20). However, the impedance and 

° r- 

transfer functions obtained from |_Yjremain finite and may be 
calculated by expanding the matrix for frequencies very near 
synchronism. By setting 9 = 2lT +§ and expanding to the first 
order in S » the Y parameters becomes 

Y.|.j = - 3G^ cot N (2ii +6 ) \ 

= - 39 cot H6 
o 

cos 

= “ sin'nr 



54 


Ti 2 = jGp cosec N (2 1^+6 ) 

= iG Gosec N 6 
o 


sin N6 


= -3G^ tan I 


/ % O \ 

-3G^ tan ( + T ) 


= 3Gq cot ^ 

a 

cos ^ 
-sinis y4 


G„ - 


16jN G, 


Hence at synchronism, the ”crossed~field” matrix becomes 


i 4 

[y]sfo I 1 
% I N 


^0 

-4 - 161 ^*-^ ’ — 5 

G I 


( 3 . 21 ) 


At synchronism (O. = 2 ti ), the matrix of one periodic section 
for the "in-line" model becomes 
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U1 1 4l 

I i 



1 

$ 

1 

[y ]_P.S 

1 1 

-1 -4 » 

16 

i 

i 

i 


5 4 

-4 0 I 


( 3 . 22 ) 


It can be seen from (3.22) that R for “in-line” model is 
in canonical form so that the transducer iiiatri:x is 


[t] 


dm C 
o s 

16 


r 2 
i n 


I I 

i N 




(3.25) 


The matrix descriptions of the two models are seen to be 
similar, but with important differences in elements and 
over all magnitude. 


3.2.3 Interdigital Transducer Electrical Immittance 

3^put immittance of the interdigital transducer may 
be characterized by a circuit consisting of the total electrode 
capacitance in parallel or in series with a radiation 
immittance representing acoustic wave excitation. The 
resultant electrical behavior can be represented by eithez 
the series or the shunt circuits shown in Mg. 3.6. We si 
see that the performance of the "crossed-field” model is 
suited for the shunt circuit whereas the “in-line” model 
represented best by the series circuit. ^ 
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(b) 

Fig. 3 - 6 Series and shunt representations for transdiK^er etec^kal 

input immittance. 
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¥e assume that the transducer radiates into a medium 
of infinite extent. Experimentally, aa infinite medium is 
approximated by using a short HP pulse measuremoit or, if 
continuous -wave signals are used, by loading the acoustic 
sarface with a low reflection absorber, such as black wax, 
to provide acoustic termination* The condition of infinite 
acoustic medium is created for the transducer model by 
connecting the characteristic impedance across ports 1 and 
2 in Pig. 3. 


Por the "in-line" model the electrical immittance may 
be obtained from (3*23) as the series impedance 
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(3.24) 
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A 2 1 

where R = R (m )= ( ^ )k Thus, the series circuit 

a a 0 ^o s 

of Eig* 3.6(a) is convenient for the "in-line" model since 
the reactance of the transducer capacitance appears as a 
series term. Here we note that the radiation resistance R 
is independent of N, the transducer length measured in 
interdigital periods. 

Por the "crossed-field" model, the electrical 
immittance may be obtained from (3.21) an the admittance 
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■where f The form of (3.25) shows that 

sh'unt circuit of Pig. 3.6('b) is most suitable for the "crossed- 

Held” model. Here we note that the radiation conductance, 

2 

is proportional to H . From (3.25), we can obtain 
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For transducers deposited on the more active piezoelectrics, 
the factor ^ can be made signiacant compared to 

; ^ ' ' ' ' ' ' V' 
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unity, so that a distinction between the two models can be 
made experimentally. A straight forward proceedure is to 
measure the synchronous admittance or impedance as a function 
of N and compare with (3.24) and ( 3 . 25 ). 

3.2,4 ih’equency Dependence of Acoustic Radiation 

In terms of the one-dimensional models, the frequency 
dependence of transducer acoustic radiation is described by 
the frequency response of the radiation immittances defined in 
Fig. 3.6. 

(i) ”crossed-field” model 

From equations (3.20), the shunt admittance of Fig. 
3.6(b), can be written as G (o3)+3B^(m) 

cl Ck 

2 

where “ ^^o^ T (5.2?) 

and B (to) = G tan t f T ^ (3.2S) 

a o 4 4 

For frequencies near acoustic synchronism, these equations 
are approximately given by 

(a) S G^ ( ^ (3.29) 

and B, (») i ) (3.30) 

^ ^ 2x 

4 2 2 

where x = lit ^ 

These approximations are accurate within ten percent* f1 3] 

< 0 . 2 * 

(i) 

o 


for 
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As conjectured "by White Cl4l # periodic configuration of 
the interdigital transducer should lead to an acoustic response 
analogous to the electromagnetic response of an ’endfire* 
antenna array. Ihe ( ^ y factor in ( 5 . 29 ) confirms this 

analogy. 

(ii) "in-line” model 

A similar analysis for the "in-line” model shows that 
the quantities (m) and 2^ (m) have the san^ response 
functions as the "crossed-field" G (u) and B (m), but with an 

m 2 ^ 

additional multiplier of ( ~ ) 



CHAPTER 4 


SA¥ mLkJ LINES 

4.1 introduction: 

The slow speed of acoustic propa^tion mahles one 
to display a time-varying sigaal in space. Ikiring its 
passage from transmitter to transducer, one can sample and 
even manipulate small sections of that sLgnal. Consider a 

simple example, given a sigial f(t), we would like a record 
of f(t) + fCt+T ). The time interval corresponds to a 
spatial displacaaent of v t. The staple arrangement shown in 
Pig. 4.1a will therefore accomplish the task. It is worth 
noting that the conventional digital electronic alternative, 
Pig. 4.113, involves a rather ccmplex system. Moreover, if 
f(t) represents a sufficiently hi^ frequency record, let us 
say .a hurst of a 500 MHz 'vraveform, and if we want to perform 
the addition with an accuracy of asoxmd 1^, current silicon- 
hased\ digital technology is unable to perform the task in 
reaa time. The extraordinary simple device of Pig. 4.1a 
therefore has the ability to perfcm what would otherwise be 
at best a complex and at worst an unattainable task. It is 
the basic capability which has led to such a rapid develop- 
ment of SAW sigral processing technology and such a mpid 
infiltration into a wide variety of systems. 
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The simplesi; and perhaps the widest used signal 
processing function is ttet of pure delay. The applications 
range from those requiring del^s of a few tenths of a 
microsecond, to others which wcwld require in excess of 
10 mS “ from applications with minimal c distraints on ^fciase 
errors, temperature stability, or spurious response to i^|iers 
in which these "secondary" specifications are central to ’ii^e 
purpose. ¥e shall begin by briefly considering the simpl^p,^ 
form of delay line, shown in Pig. 4.2. The bandwidth is 
determined by that of the transmitting and receiving tram- 
ducers, T and R, respectively. The insertion loss is 
determined first by the bidirectional loss of 3 dB per 
transducer - i.e. , 6 dB - to which one must add losses arising 
from the maberi^, from diffraction effects, from beam steering 
effects attributable to snail errors in the orientaticai of 
the transducers, and from any electric^ mismatch conditions. 

4.2 mSERDIOR LOSS AM) SPURIOUS SIGNALS 

For delays of the order of lOp S or less, at center 
frequencies below 500 MHz, one is rarely concemed with the 
insertion loss as such, which with careful desi@a can be less 
than 10 dB. loss is readily compensated electronically and 
becomes an embarrassment only when it detracts excessively ^ 
from the total available dynsnic range. The only excepticar 
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to this rule arises in the use of a filter at the front 
end of a receiirer, however, delaiy functions would noitaally 
be portponed to a later stage in the receiver system. The 
dynamic range of a delay line may he set by the breakdown 
voltage on the transmitting transducer, or by the onset of 
spurious signals arising from non-linear interactions, it 
will depend on the choice of center frequency, on the 
bandwidth, and on the material, but it is not uncommon to 
approach 100 dB. Systems requirements on available dynamic 
range vary over very wide ranges but, as a general rule, an 
insertion of the order of 30 dB is not too damaging. 

The main problem is to ensure that the availalile 
dynamic range is not degraded excessively by the presence of 
spurious signals. The first to consider is the "triple 
transit echo", arising from the reflection of the sigial at 
the receiving transducer R follov;ed by a second reflection 
at the transmitting transducer T. It then arrives again at 
R with a delay of 3"^ , where is the single path delay. If 
T and R are perfectly matched bidirectional transducers, the 
acoustic loss at each reflection is only 6 dB. In this case 
then the triple tr^sit echo is at a level only 12 dB below 
that of the wanted signal. It is possible to make a dramatic 
improvement in this situation by using two receiving transducers 
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R and R’ symmetrically disposed with respect to as in 

Rig. 4.2. ihe outputs from R and R’ are combined, so that T 
is no longer subject to the 5 dB bidirectional loss. More 
importantly 1 is now-in principle - a perfect absorber of 
the acoustic signals reflected from R and R> , so that the 
tripple transit sigial disappears. The perfect cancellation 
assumes that T is perfectly matched - which it can be only 
at the center frequency. It also assumes that T is perfectly 
symmetrical and symmetrically located and that R and R* are 
identical - fabrication targets which can be approached but 
not perfectly realized. Nevertheless, the additional 
suppression which can be thus obtained can be of the order 
of 20 dB. 

This sysfcan of tripple transit suppression is a 
circumvention of the bidirectionality of the transducer T. 
Alternatively we can incorporate unidirectional transducers 
based on the use of a pair with appropriate phasing [15], on 
a three phase design[l9] or on the use of multistcip coupler 
[20] . These approaches are more elaborate, but also 
inherently more effective in that both T and R can be made 
non-reflecting. They also give more scope for broad banding 
the nonreflection property by stagger tuning the two 


transducers. 



67 


The simplest suppression method of all is deliberately 
to mismatch the transducers. Here one is involved in trading 
tripple transit suppression against increased insertion loss. 
Fortunately the terms of trade are rather favourable, thus, 
increasing the basic bidirectionality insertion loss from 
6 to 12 dB raises the triple transit suppression from 1 2 to 
53 dB, [21], 

In addition to triple transit echo, there are other 
sources of spurious signals. These include the bulk -waves 
■which are inevitably launched by a transducer, one seeks to 
suppress them by making reflecting surfaces, such as the base 
of the sample, rough, by the use of various absorbing 
compounds, and by a judicious choice of the crystal cut. One 
can silso redirect them, out of harm’s -wayi using multistrip 
coupler techniques [20 ]. An example of a 5jiS delay line 
using such multistrip coupler techniques at a center frequency 
of 60 MHz had an insertion loss less than 10 dB and a maximum 
spurious level of 40 dB, both over a 25^ bandwidth with 
sophisticated design techniques, delay lines with low insertion 
loss and having at the sane time a low spurious level can be 
realized. It is relatively easy to obtain even better 
performance in either of these parameters at the expense of 
the other. 
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4.3 DELAY LINE BANDWIDTH 

The handwidth is controlled by the design of T and R. 
The maziminn attainable bandwidth depoids on the coupling 
constant of the material used and on the acceptable insertion 
loss. This situation is summarized, for a ntimber of materials 
[21 ] in Eig- 4.3. In case of one can obtain a band- 

width of 25 ^ without significantly exceeding the 6 dB 
bidirectional loss. It is, however, important to appreciate 
that one can still achieve this same bandwidth on ST quartz 
if one can tolerate an additional insertion loss of 54 dB. 
There aie maiy situations in which the temperature stability 
of ST quartz may be an attraction which overweighs such 
additional loss. 

If the signal which is intended to dal^, is an analog 
signal with a fractional bandwidth well below unity, the 
transducer bandwidth requirements for a given permissible 
frequency distortion are readily specified. However, in seme 
situations one will use T not merely for transduction to the 
acoustic wave but simult^eously as a filter, one will use R 
not just to transduce back to an electronic sigaal but as a 
matched filter. An extreme example of such usage is for an 
input signal in the form of a video pulse. If it is applied 
to a variable pitch transducer, as in Pig. 4*4 tte fLltering 
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action is best poJEt^a^y'ed in time domain, the acoustic wave 
launched will approximate the impulse response of the 
transducer, which may be many teas or even hundreds times 
longer than the duration of the video pulse. On arrival at 
R, the sigial encounters a transducer which is identical 
to T. The electrical output is therefore an approximation 
to the autocorrelation of the acoustic signal^-effectively 
the signal is recompressed into a band-limited version of 
the input. It is important to appreciate that the rate at 

—1 

which one can enter digital impulses is of the order (2Af) ^ 

where Af is the transducer bandwidth and is not determined . 
by the length of impulse response of I. There is no need to 
avoid the superposition of many lightly displaced trains of 
signal (see Pig. 4.4). In principle one can achieve the same 
result by using a short simple interdigital transducer having 
the same effective bandwidth. However, for large bandwidths, 
and hence transducers with few finger pairs, it mil not 
then be possible to matoh the transducer to a 50 system, 
the variable period transducers provides bandwidth as well 
as presenting a more suitable impedence to the source. 

4.4 TMERATUKE STABIIITI 

A critical performance characteristic of a delay line 
is the temperature stability ( “ )C is directly 
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detemiined by "the material and by the chosen direction of 

propagation* The only way in which the delay line design 

as such can bear directly on the temperature performance 

arises if there is an opportunity for teving more than one 

direction of propagation in a composite path. More generally, 

one is concerned with the choice between a high coupling 

constant material such as B ^2 ^20 biNbO^ which have 

unhappily high temperature coefficients of the order of 
-4 -1 

10 G or ST quartz whose temperature coefficient is zero 
(at 28°C) but which has a much analler coupling constant. 

If the low coupling constant material can not meet the other 
delay line specifications, one can resort to the use of 
transducers on the low coupling constant ST quartz, with an 
overlay of a thin film of a high coupling- const ant material. 
Success has been achieved with modifying the temperature 
coefficient of liKbO^, by deposition of a nonpiezoelectric 
film over the whole of the delay line. By depositing a layer 
of quartz onto IiiiTbO^ the temperature coefficient has been 
decreased by an order of magnitude [ 22 j , The use of such 
films will of course have other effects, on loss, and, 
probably of greater importance, also on dispersiaa. Moreover, 
sich a technique represents a step away from the essentia 
simplicity of surface wave devices, with an inevitable 
bearing on yield and costs. 
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In many systems, the critical issue is not so much 
the constancy of the total delay as the need to retain 
know3-edge of its precise value. In such cases one can define 
a number of delay lines on a single substrate and use one of 
them to measure the actual delay. The delay of the others 
■will be identical to that of the test line to a very high 
degree of precision. An example is seen in a surface wave 
delay line memory application [ 23 ] . This consisted of an 
array of seven parallel lines and used the variable period 
transducers shoi.>ra. in Fig. 4.4, providing a band from 40 to 
110 MHz. To minimize the temperature problem, the transducers 
were formed on short lengths of liHbO^ but joined to ST quartz, 
the latter providing most of the propagation delay of 67 S. 
Each line stored 1500 bits, with a bit rate of 75 M bits. 

Six of the lines were used for storage, the seventh was used 
to control the clock frequency, so that the tolerance to 
temperature-induced delay variations was there by greatly 
increased. 

4.5 LONG DEMI LINES 

Substrate crystals are not very oft ai used in lengths 
greater than 10 cm. Beyond this the cost rises much faster 
than proportionally mth the length, and it is in any event 
difficult to obtain lengths of quartz, Li ^ 3 , or 
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in lengths ■which exceed 25 cm. Quite apart from procurement, 
it becomes quite difficult to handle such long samples- 
Therefore there is an economic and practical limit to the 
maxim'uin delay, -which can be obtained on a single propagation 
path, which one might set at 50 HS for lillbO, and at I00ti S 

J 

for B-j2Qs02q- Yet there are requirements for much longer 
delays, in both radar and coGanunication systems. There is 
also considerable interest in the use of surface wave delay 
lines for storing a complete frane of a television display, 
an application which leads to a requirement for delay times 
in excess of a millisecond. The need therefore exists for 
delay lines with propagation path lengths which greatly exceed 
the dimensions of available crystals, i.e., for "long” delay 
lines. 

The problem can he approached by stiching together a 
number of relatively short lines, as in Pig. 4.5a with 
amplifiers for isolation and gain. Though unsophisticated, 
it is an approach which may in some circumstances prove to be 
a most effective engineering solution. The periodic use of 
amplifiers makes relatively large insert icsi losses for 'ttie 
individual lines permissible - insertion loss which can be 
"used" to improve the suppression of the triple tr^sit, and 
other spurious signals. The arrangement also allows scope 
for stagger tmining to control the bandwidth and phase 
characteristics. 




Pig. 4.5a Succes^’ive delay lines connected by- 
simple electronic amplifiers 






Pig- 4.5c 


Helical delay lath on BGO plate 

with rounded ends 
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A number of purely acoustic solutions have been 
developed. As long ago as 1958 a delay line was described 
[ 24 ] in -which surface waves propagated along a helical iBth 
on the outside of a metallic cylinder, see Pig* 4.5b. A delay 
time of 2 mS was achieved at a center frequency of 1 MHz. 

To obtain the longest possible path length for a given volume 
of material, the confi^iration shown in Pig- 4.5c has been 
adopted by a number of workers. In a particular example of 
such a delay line [ 25 ] constructed on B^2^°20 ^ center 

frequency of 83 MHz, the overall delay time was 907pS. The 
results obtained were shown in Pig. 4.6. The insertion loss 
of 60 dB is remarkably constant over the 551^ band, a result 
achieved by designing transducers having an insertion loss 
characteristic which compensates that of the other frequency 
dependent losses encountered. Delay lines of this form rely 

j_, j. • csii-rface waves around carefully polished 

on the propagation of suriace w<svco a 

ends of the plate. 


A radically different conceptual design, ta the form 
of a circular flat dist st 3 ™cture[ 26 ] is aho«n to Mg. 4.5d. 
This also relies on a system of propagation paths on alternate 

wntjpver there is now an £»iditional 
sides of the sample. However, ^ ^ 

-.1+0 -Olay as a consetpience of the circular 
feature which comes into P . . ■ 

T4- to see that, for an isotropic material, 

symmetry. It is easy to 



INSERTION toss (dB) 



FREQUENCY {MHz) 

Pig. 4.6 Terforaiaice of a 0.9 mS delay line 
of the form shovaa in 4-^ 



81 


a disturbance launched at the center of the disk on the top 
side "will propagate circular -waves which will come to a focus 
at the center on the bottom side of the disk using a modified 
form of this propagation pattern, a delay time of 220 S was 
obtained at 40 Mz. A notable feature of this form of del^ 
line is the lo-w spurious levels achieved -below - 40 dB in 
the above example. This is attributable in part to the fast 
that input and output transducers are not parallel. 


4.6 DESIGN OE SA¥ DELAY LINE 


-1 

(a) Acoustic band-width (Q^ ) 

Erom Eq. (3.29), x = N (m - )/w 
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Smith et al 15 showed that the acoustic bandwidth 
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(b) Electrical bandwidth (Q^ ) 

t-!p^2.ine' model, the radiation Q was defined 

in [ 1 3 ] as 
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Hence the electrical haadwidth is given by 
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Per maximizing the conversion "bandwidth we have to 
take a compromized value of H. !Phis can be achieved by 
equating (a) and (b). 
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(3.27) 


In the present problem the Relay Line has been 
designed -under the following specifications. 

Synchronous froquen'ey = f^ = 10 MHz 
Capacitance per periodic section = = 0.64pP 

Radiation resistance = R_ = 50 -Tl- 

Ot 

On substituting these values in (5.27), we have 
. N = 22.3 

Therefore, take R = 23 

Hence there are 23 periodic sections in the interdigitai 
transducer- 

surface acoustic wave velocity (v) in quartz is given by 

V = 3158 nv^sec 

Hence the wavelength i\) of acoustic wave in quartz Is 

given by ^ ^ = 0.03158 ram 

0 - 
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Por practical considerations, wavelength was taken 
as 0.4 mm 

Width of each finger (b) of Ilffi is given by 



Spacing between two fingers = a= -2-=:0.1mm 

4 

4.7 PifflRICATIOH OP SAW DEIAY IINE 

Surface Acoustic wave devices are fabricated mainly 
by ‘planar fabrication' technique, fhe basic principles of 
the planar fabrication technique are illustrated in Pig. 4.7. 
Here metal is deposited on the surface of a piezoelectric 
substrate. On this, radiation sensitive polymer film is 
coated. Poliowing exposure to ultraviolet rays, a development 
step removes unexposed polymer.. Then by che' - 'al etching we 
will obtain the interdigital transducer on the substirate. 

The steps involved in the fabrication of SAW delay 
line are given in the following way. 

4.7.1 Mask Preparation 

In the previous chapter the inter^igital transducer 
(lET) for a delay line was designed at a synchronous frequency 
10 MHz. Since the surface acoustic wave length is 0.4mm 
for quartz, it was multiplied by 20 times , to. facilitate the 
drawing of the IDT pattern on a graph sheet. ^ With this 
20 times amplification, the periodic length = I, =:^^=0.4x20=anm 
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Ultra violet rays. 
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F I g . 4 • 7 Plan fabrt cat ion t tch n r giie . 
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¥idth of each finger = a = ^^4 = 2 mm 
Spacing bet-ween two fingers = ^^4 = 2 mm 
With these aspects, the interdigital pattema was drawn on a 
graph sheet as shown in Pig. 4.8. A transparent plastic sheet 
was kept on the graph paper. On this, Bishops-graphic-tape 
of suitable width was attached according to the IDT pattern. 
With the help of the photo-reduction camera, a photograph of 
this pattern was taken out with 20 times reduction. Thus the 
negative film ofthe IDT with original dimensions was obtained- 
We eall this negative film as the ’mask' for the IDT. 

4.7.2 Substrate Preparation : 

Keeping in mind the design considerations, quartz 
substrate of 25 x 15 x 1 mm was taken. The substrate was 
polished optically on one surface. The substrate was cleaned 
with TOE and then with distilled water and acetone. 

4 . 7.3 Metal Deposition: 

On the optically polished surface of the quartz 
substrate, Gr-Au was deposited at 10 ^t err, Chromium of 300A 
thickness was deposited first on the surface of the substrate. 
On this, gold of 2000A° thickness was deposited. 

4 . 7.4 Photolithography Technique; 

This technique consists of the following steps. 

Step - 1 The KODAK Thin film resist (Electronic grade) and the 
KODAK Thin film resist thinner (Electronic gi^e) were 
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■taken in a teaker of 20 ml in I0t1 proportion* 
Then this solution was sturred with a glass rod. 
The Thin film resist thinner has been used for 


Step -.2 


Step - 3 


Stop ~ 4 


•Step - 5 


Step- 6 


thinning KT?R. 

The substrate was baked at 185°C for 30 minutes 

to e'vapourate mois'ture and contamination. Besides 

photoresist will stick in proper manner- 

Ten drops of photoresist solution, which was made in 

Btep-1, was added on the metallized starface of the 

substrate. Then the substrate was -spinned at 4S30r.p.m 

for 10 seconds, using photoresist spinner. 

The sibstrate was baked at S5°C for 16 minutes. Thus 
photoresist film was obtained on the metallized 
surface of the substrate. 

The ’mask’ for the EOT was kept on the metallized 
surface of the substrate. Then the photoresist film 
was exposed by ’ultra-violet’ light for 14 seconds. 

Thus IDT pattern will be printed on photoresist film. 
Then the sample was immersed in K0D.fiK Thin film 
resist developer (Electronic grade) for 60 seconds. 

Then it was cleaned with Thin film resist developer. 
This developer has been used for developing KODiiK 
Thin film resist images. 
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Step- 7 The sample was immersed in lODM Thin film resist 
rinse (Electronic grade) for 30 seconds, and was 
cleaned with the same, rinse. This rinse has heen 
used for post-development cleaning. 

Step- 8 The sample was dried with hot air blower. 

Step- 9 Then sample was baked at 105°C for I 5 minutes. 

4 . 7.5 Chemical etching 

The unexposed portion of the polymer film was removed 
by ’’chemical— etching” technique. The proceedure is as follows. 

(a) The sample was immersed in Potassium Iodide for 2 minutes. 
Thus the gold layer under the unexposed region of polymer 
film, was etched out. 

(b) 100 grams of la OH was taken in 200 GO of water and 
Ha OH solution was made. Potassium ferricyanide solution 
was made by mixing 100 grams of Pe (Caj)g in 300 CC of 
distilled water. Then one part of the Na OH solution was 
mixed with 4 parts of potassium ferricyanide solution. The 
sample was immersed in this solution for 2 minutes. This 
process removes the chromium in the unexposed region. Thus 
IDT was. obtained on quarts substrate. 

The exposed polymer film, which was present on the 
surface of the IDT, should be removed to get electrical 
contacts on the IDT. The proceedure is as follows. 

(a) 5 ml of A- 20 was t^en in a beaker and warmed at 50®C 
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for 5 minutes. If A-20 is too cold, it will not romove the 
film. If it is too warm, it will remo'^e not only 
the polymer film, "but also the entire IDT of Cr-Au. Hence we 
have to maintain the proper warmness for A-20 to remove only 
the polymer, film. 

(h) The sample was dipped inacetor^ to dehydrate the sample. 
If the moisture isupresent on the sample, the IDT of Gr-Au 
will also he etched out, when the sample was immersed in A-20, 
which is xmdesirahle. 

(c) The sample was immersed in A-20 for 15 minutes by 
maintaining proper warmness for it. Thus polymer film on the 
IDT was removed. 

(d) The sample was dipped in acetone. This process removes 
A-20, which is present on the saaple. That is, cleaning of 
the sample was done here. 

(e) The sample was cleaned with distilled water. 

Thus, the required interdigital transducer of delny 

line was fabricated on the piezoelectric’ substrate of quartz. 

The electrical connections were made on the IDT by 
soldering. Very thin standaid wire is necessaiy for electrical 
connections to ensure low power dissippation in the wires. 

Thus the SA¥ delay line was ready to take measureTOnts 


on it. 
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4. 7* 6 Measurements - 

For measuring the characteristics of the SAW delay 
line, Hewlett-Packard 8640B Signal generator, Yamuna’s pulse 
generator Model-101 and Hewlett-Packard 1725A oscilloscope 
(275 MHz) had been utilized. 

The RF pulse modulated input was given to the SAW 
delay line and the output was observed on the oscilloscope. 

The insertion loss YS frequency had been obtained as 
shown in Fig. 4*9. In Fig. 4.10 the waveforms etc of the 
SAW delay line was given. In the output waveform, a delay of 
500 nS was observed. The minimum insertion loss of 26 dB had 
been obtained with a center frequency of 76 MHz. As reported 
by the earlier worker, the insertion loss of 12 dB can be 
achieved on this delay line. 

In the present delay line, if we suppress tripple 
transit echo and if we make the input transducer an 
unidirectional one, we can easily reduce the insertion loss 
in the order of 6 to 10 dB. The IDT oan be made unidirectional 
by terminating one end with acoustic absorber. Besides a 
significant mismatch loss can be improved by impedance matching 
transformer. With these modifications, we can achieve an 
insertion loss of 15 dB with this unit. 
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In the design of the delay line we have assumed 
the velocity of surface acoustic wave to be equal to 3l5a!V^sec. 
According to the literature the velocity of SA¥ may vary 
from 1000 to lOOOO m/sec. ¥e dit not have the exact data 
for the particular cut of the present qmrtz substrate. The 
designed center frequency is around 10 MHz. As a boon out 
of mistake, the device is operating at 76 MHz, in which the 
SAW devices can be utilized purposefully. 

According to the modified velocity of surface acoustic 
waves in the quartz substrate, the delay should be of the 
order of 900 nS. In the present delsy line we are getting a 
delay of 500 nS. 

On the basis of this information, a new version of 
the IDT and delay line can be successfully redesigned with 
optimum parameters. 
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CONCIUSIONS 

To start ■with the activity in the field of S'urface 
Acoustic Wave devices, it is most essential to systematise 
the design proceedure of the Interdigital Transducer, which 
is a common part of any SAW device. 

It had been planned earlier to carry out the 
comparative study of three different substrates, namely 
LilbO^, PZT and quartz. But liNbO^ and PZT could not bc- 
procured in time. The only available substrate material was 
quartz monocrystal. Technology regularization for SAW delay 
lin^ on quartz can be highlighted as the core of activities 
in this field. So also is the method of measurement of the 
characteristics of the delay line by means of HP pulsed input. 
Experimental results show that the SAW Delay line works 
satisfactorily for a bandwidth of 7 MHz around the center 
frequency of 76 MHz with an insertion loss of 26 dB. The 
observed delay is 500 nS. Optimization of tbe specifications 
of the delcy line on quartz substrate as regaiias to its 
insertion loss, wide bandwidth and linearity of phase 
c haraot eristic is to be carried by the subsequfc.nt ■worker. 

The metalization of aluminium, -which is used from 
commercial point of view, could not be implemented due to 
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lack of liquid nitrogen. But through experience, we found 
that Cr-Au can he deposited without liquid nitrogen and gust 
hy cooling the vacuum system hy freezing mixture (ice+ salt)* 
After successful realisation of circuits for SAW devices on 
the respective substrates a^talized by chrome-gold, 
subsequent technology transfer can be daie on substrates 
coated with aluminium, that is commercially used for 
fabricating the SAW devices. The subsequent worker in the 
laboratory are strongly advised to carry out the work avoiding 
the enormous proceedural complexity of procuring liquid 
nitrogen. 
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